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ABSTRACT 
The break up of light ion projectiles in the nuclear 
and Coulomb field of nuclei is considered. Current 
theoretical concepts for describing break up proces-
ses and their theoretical features are discussed. An 
alternative method, based on a prior-interaction DWBA, 
is introduced for the calculation of the direct elas-
tic break up cross sections. This method reveals the 
role of the internal momentum distribution of the 
break up fragments and includes corresponding "finite 
range" effects. 
6 The Coulomb break up of Li is studied on the basis 
of a quasi-sequential break up approach (following 
Rybicki and Austern) and results are obtained for 
very low relative energies of the ernerging a-particles 
and deuteron fragments. The astrophysical interest in 
these cross sections is noted. A view on further ex-
tensions of the break up theory is given. 
DER AUFBRUCH LEICHTER IONEN IM NUKLEAREN UND COULOMB-
FELD VON KERNEN 
Zusarrnnenfassung 
Der Aufbruch leichter Projektilionen im nuklearen und 
Coulombfeld von Atomkernen wird betrachtet. Die gängi-
gen theoretischen Konzepte zur Beschreibung der Auf-
bruchprozesse und ihre Grundsätze werden beschrieb.en 
und diskutiert. Eine alternative Methode, die auf der 
prior-Wechselwirkung der DWBA beruht, wird eingeführt, 
um den direkten elastischen Aufbruch zu beschreiben. 
Diese Methode verdeutlicht die Rolle der inneren Im-
pulsverteilung der Aufbruchfragmente und schließt 
"finite range"-Effekte ein. 
Der Aufbruch von 6Li im Coulombfeld wird auf der Ba-
sis eines quasisequentiellen Aufbruchmodells (nach 
Rybicki und Austern) studiert, und Resultate bei sehr 
geringen Relativenergien der auslaufenden a-Teilchen 
und Deuteronen werden gewonnen. Das astrophysikalische 
Interesse an diesen Wirkungsquerschnitten wird notiert. 
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"Nun zerbrecht mir das Gebäude, 
Seine Absicht hat's erfüllt ... " 
Friedrich Schiller, 
Das Lied von der Glocke 
Break up of loosely bound composite projectiles in the field 
of a target nucleus 1 ' 2 has been found to contribute substan-
tially to the total reaction cross-section of nucleus-nuc-
leus collisions. This phenomenon is often signalled by a 
broad and pronounced peak (see fig. 1) ~n the inclusive spec-
trum of the emitted particles, with an energy corresponding 
approximately to the beam velocity. A large fraction of the 
break up reaction is ascribed to nonelastic processes, where 
only one projectile fragment is emitted, while the other in-
teracts inelastically with the target nucleus, in particular 
by forming a fused system in preequilibrium and equilibrium 
stages. Elastic break up processes (see fig. 2) with the 
target nucleus left in the ground state has been experimen-
tally studied by measuring the coincidence spectrum of the 
two projectile fragments following the break up reaction. In 
addition to the interest ~n a detailed understanding of the 
reaction mechanism and of the origin of various components 
observed in the continuum spectra, we have the interesting 
question about the extent to which we may learn anything 
from the momentum distributions and differential cross-sec-
tions about the cluster motion of the two fragments. This 
~s a lang standing question, and arises from the historical-
ly first formulation3 of the projectile break up theory in 











A schematic particle energy spectrum at a forward angle 
I do not know what I may appear to the world, but to 
myself I seem to have been onlY a boy p!aylng on the sea-
shore, and dlvertlng myself ln now and then flndlng a 
smoother pebble or a prett!er shall than ordlnary, whllst 
the great ocean of truth Jay all undlscovered before me. 
Sir Isaac Newton 
( 1642-1727) 
- Memolrs of Newton, Vol. ILch.27 
A schematic particle energy spectrum at a for-
ward angle and the importance of break up 
processes. 
A proper understanding of the break up processes is not 
only important for its own sake. In fact, it is a prere-
quisite for a quantitative understanding of such interesting 
phenomena as giant resonances and deep lying single partic-
4 le states , the spectra for which are partly submerged ~n 
the break up continuum. The relative abundances of the break 
up of a particular projectile in various modes may also pro-




r~ a) T"= Tgs elaslic 




Direct break up_ 






a) elastic b) inelastic 
[ Tgs: 
T": 
target in ground state J 
target excited 
FIGURE 2 Illustration of sequential and direct break up 
processes. 
possible clusterpartitions of the projectile as say for 6Li 
which rnay decornpose into (a+d), (a+p+n), ( 3He+t), (5Li+n), 
5 
( He+p) etc. 
M.ost irnportantly, break up studies rnay provide a very 
strong irnpetus to the understanding of nuclear reactions of 
astrophysical interest5 . Traditional nuclear physics experi-
ments have often great difficulties to provide quantitative 
and accurate inforrnation about such reactions due to the 
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very low relative energies involved and the associated un-
certainties and experimental difficulties in detection, es-
pecially due to low cross-sections (see fig. 3). Break up 
reactions can prove to be very handy in two ways. This is 
best illustrated by means of examples. Consider the astro-
physically important reaction 
20N. p + e + ( 1. 1) 
We need to know the cross-section for this reaction for very 
low E , which has its associated problems as mentioned above. 
p 
However, if we study the break up reaction 
d + 
20Ne + p + 20Ne + n ( 1 • 2) 
the three-body exit channel provides us with a flexibility 
to choose any E(p-20Ne) by selecting kinematical conditions. 
However, we can use high energy deuterons which, acting as 
the "Trojan Horse", would carry protons above the Coulomb 
barrier6 . The attempt to relate the relevant cross section 
have only been started. 
The other and more promising method is to use the break 
up reactions (especially the Coulomb break up where the si-
tuation is much more clean) as the inverse process5 of cap-
ture reactions of astrophysical importance, Consider for ex-
ample the reaction 
( 1 . 3) 
which can be used to get information about the reaction, 
3 7 a + He + Be + y ( 1. 4) 
for low relative energies. The kinematics for the reaction 
(1.3) for a particular (a-3He) angle pair is shown in fig. 4. 
It is quite clear that one can choose very low relative val-
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FIGURE 3 Illustration of the problern of low energy 
direct capture reaction. The present estimates 
rely heavily on the extrapolation. 
and thus very easy to measure accurately. Then for a pure 
Coulomb-break up, the break up cross section, which can pos-
sibly be treated as excitation to a continuum level with 
energy E 3 H can be written a- e 
ab (E 3H) = N(E 3H 'E7B) a(y)(E 3H) u a- e a- e e a- e ( 1. 5) 
where N(E' ,E) is the nurober of virtual quanta per unit ener-
gy E' in the electromagnetic field of the charged projectile 
(moving with energy E), which are available for excitation 
- 6 -
and o(y)(E') 1s the photo-excitation cross section 7Be going 
( 3H ) * Th . ( y) . 1 . to a- e . 1s o 1s re ated to the d1rect capture 
cross section for the process (1.4) by 
3 7 o(a+ He+ Be+y) ( 1. 6) 
(2j + 1) 
a 
where symbols have their usual meaning. A reliable estimate 
of obu is essential for this procedure to be of help. In 
Table I, we give a list of reactions which may be studied 1n 
this manner. We would like to add that the virtual photon 
density N increases with the energy, and therefore the meth-
od would be much more effective at higher incident energies. 
TABLE I k . f h. 1' 
5 Brea up react1ons o astrop ys1ca 1nterest . 
Reaction 
7Be +3He 
13N p+ 12c 
17 F p+ 160 
140 p+ 13N 




Coulomb break up as inverse reaction 
Q Remark 
- 1.586 MeV Solar Neutrino-Problem 















Break up for the RP-
process 
Helium-Burning 
In section 2, we shall have a look at some of the co1n-
cidence and inclusive data from literature to get a feeling 
of the break up process. In sect. 3, we give a formal deri-
vation of post- and prior-forms of the break up T-matrix 
- 7 -
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FIGURE 4 The kinematics for the elastic break up of 7Be 
(210 MeV) in the field of 208Pb. Relative ener-
gies can be chosen at will by choosing the 
angles of measurement. 
and the difficulties associated with them. In' sect. 4, we 
shall give our procedure to deal with the prior-form of the 
DWBA T-matrix for the break up process and discuss the re-
sults and their significance. 
The Coulomb break up is discussed in sect. 5 and a par-
ticularly beautiful situation which arises for break-up, 
6 . d . d' d . 6 L1+a+ 1s 1scusse 1n sect. . 
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2, GLIMPSES OF EXPERIMENTAL DATA 
Let us just have a look at some of the experimental data a-
vailable in literature, to get a feeling of the reaction me-
chanism. Due to the three body situation of the exit chan-
nel, we can have either kinematically incomplete measure-
ments represented by inclusive spectra, or kinematically 
complete measurements resulting in coincidence or exclusive 
spectra. The coincidence spectra are generally taken for the 
situation, when the target is left in its ground state, i.e. 
for the elastic break up processes. 
In fig. 5, one of the first coincidence measurements of 
break up of deuterons at an incident energy of 12 MeV from 
a target of gold nuclei is shown. The shifts of the peak po-
sitions from the beam-velocity can be understood from the 
fact that in the entrance channel deuteron is de-accelerated 
by the Coulomb field while in the exit channel proton is ac-
celerated by the same field. 
In fig. 6, similar measurements for 56 MeV deuterons 
51 from V are shown. Now the peak positions are not shifted 
too much from the beam-velocity positions as the energies in-
volved are much higher. 
In fig. 7, we have an example of coincidence measure-
f b k f 3 f h 
28 . 1 . 52 Th ments o rea up o He rom t e SL nuc eL, at MeV. e 
peaks do not occur at the beam velocity due to low energies 
and the acceleration effects mentioned above. 
cess 
Fig. 8 shows inclusive measurements for the (3He,d) pro-
on 90zr for 90 MeV 3He projectile. Unlike the above men-
tioned case, here the peaklies very close to the beam velo-
city; as the energy is high enough to make Coulomb-consider-
ations irrelevant. Even the tightly bound a-particle breaks 
up at high incident energies as can be seen from the inclu-
sive spectrum of the 172 MeV a-particles incident upon nickel 
- 9 -
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Ep(MeV) 
Deuteron break up coincidence cross-section on 
197 Au at E = 12 MeV (Jarcyk et al.). Most of a 
the theoretical predictions up to fig. 13 are 
using the theories of Baur's school, tobe dis-
cussed later. 
target. The break up bump is fairly well formed at forward 
angles, and possibly other processes have started contribut-
ing at higher angles (Fig. 9). The inclusive break up spec-
trum for low energy 9Be is shown in Fig. 10. The shift in 
the peak-position due to Coulomb barrier is quite noticable 
here. All the basic features of break up can be seen. 
The study of break up of 6Li has been taken up in a 
systematic exploration at Karlsruhe. The inclusive spectra 
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208
Pb at various angles are shown, respectively in fig. 11 
and 12. We see very clearly, the evolution of the break up 
bump as the angle of observation is reduced. In other words, 
as the angle has increased the contribution from nondirect 
processes has become important. However, when the break up 
bump is present it is very close to E 
a 
the beam-velocity Supposition. 
104 MeV emphasizing 
The inclusive break up data for the 
208
Pb target 13 are 
again plotted in fig. 13 for a better perspective. The cross 
section is seen to drop very rapidly from 12° to 22°, but is 
peaked at E = 104 MeV, as seen before, This emphasizes the 
a 
direct nature of break up processes. 
Same measurements can be seen from contributions to 
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FIGURE 8 Inclusive measurements of ( 3He,d) cross-section 
90 
on Zr target at E3 He = 90 MeV (Matsuoka 
10 et al. ) . 
3, THE FORMAL DWBA THEORY FOR BREAK UP. 
Let us consider, the elastic break up of the projectile 
a = b + x (3. 1) 
1n the field of the nucleus A, 
a + A + b + x + A (3. 2) 
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Inclusive rneasurements for the break up of 
172 MeV a-particles (Budzanowski et a1. 11 ). 
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FIGURE 10 9 197 Sub-Coulomb break up of Be from Au. 
(Unternährer et. al. 12 ). 
where Tb and Tx denote the kinetic energy Operators for b 
and x, HA' Hb' Hx are the internal Hamiltonians of A, b and 
x which are treated as being inert later on. Vbx is the in-
teraction binding the projectile and UBA and UxA are appro-
ximated to be the optical model potentials for the b + A and 
x + A systems respectively. 
We immediately see that the Hamiltonian H contains 
three interaction terms and it is very difficult to have a 
solution of such a 3-body situation. T\'lO distinct "schools" 
have emerged according to the way they approximate this 3-
body situation to a more tractable two-body situation. For 
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FIGURE 12 208 Same as Fig. 11 for a Pb target 
schools
16
, respectively. Thus the calculations perforrned by 
1 Baur and coworkers rest upon the assurnption that Vbx is 
weak and can be neglected while writing the solution of the 
full Harniltonian for the exit channel. Austern's schoo1 16 ' 8 ' 
17 18 . 
' on the other band approx1rnates UbA + UxA by a poten-
tial UaA describing the centre of rnass motion of the frag-
rnents b and x in the exit channels (see fig. 14) The basic 
lirnitations of the two schools becornes evident irnrnediately 
when we note that the interaction Vbx between b and x can 
not be ignored when their relative energy is srnall (e.g. 
- 17 -
208 Pb ( 6 Li , <l X l 





80 100 E Lab [MeV) 
11.09.81 
Angular distribution of the inclusive measure-
ments of break up of 6Li at 156 MeV from 
208Pb. 
when the Coulombrepulsion will play a very important role), 
and it is hard to visualize an optical model potential which 
would describe the centre of mass motion of two free par-
ticles. With this in mind, we derive the transition matrix 
for the two schools in the following. Some authors prefer 
FIGURE 14 
- 18 -




Austern Uba + UxA ~ UaA 
a 
The approximations invoked by Baur and Austern 
to reduce the three body problern of break up 
to a two body situation. 
to call the calculations performed using Baur's theories as 
direct break up while the calculations performed using 
Austern's approach are called sequential break up. These are 
also known as post- and prior-forms of the DWBA theories, 
respectively. The origin of these names would become more 
evident, lateron. 
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3.1 T-matrix for Baur's school. 
In this case, the Hamiltonian for the initial state is writ-
ten as 
H. HA + Tb + T +~ + H + vbx ~ X X 
"' HA + H + T (3.4) a a 
and the corresponding Hami ltonian for the final state is 
written as 
(3. 5) 
and we note that Vbx is not included in Hf' as discussed 
above. Now the initial and final state interactions are given 
as 




Vf = H- Hf 
ubA + uxA + vbx (3.7) 
The exact transition matrix in the prior-interaction 
form is given by 
(-) 
Tfi = < li'f(-) I V. I <P. > ~ ~ (3. 8) 
where Ii'~-) ~s the full solution of the Hamiltonian H with on-
ly ingoing boundary conditions and <j>. is solution of the free 
~ 
Hamiltonian in the ingoing channel, 
(3.9) 
where ~A and ~ are ground state wave functions of the target 
a + 
and the projectile respectively, k is the free wave nurober 
a 
in the incident channel and ~aA is the projectile-target se-
paration. 
- 20 -
The equivalent post-form of the exact transition matrix 
1.s given by 
(3.10) 
where similarily ~~+) is the full solution of the Hamiltonian 
]_ 
H with outgoing wave boundary conditions, ~f as the solution 




In the above kb and kx are the free-wave numbers of b and x 
+ + . 
and rbA and rxA are the d1.stances of b and x from the target 
A, which is considered to be infinitely heavy. 
Now the Gellmann-Goldberger theorem can be used to g1.ve, 
(3.12) 
where X(+) is the distorted wave for the (auxiliary) optical 
a 
model potential UaA for the projectile a with an outgoing 
wave boundary condition. 
Similarily, we also get, 
(+) (-) X(-) I V I ~~+) > 
Tfi = < ~A ~B ~X xb • X bx ]_ (3.13) 
The corresponding prior-DWBA matrix is obtained by approxJ.-
mating 
(-) (-) (-) 
~f ~ ~A • ~b • ~x • xb • xx (3. 14) 
1.n (3.12) and we get after performing the integration over 
the internal co-ordinates 
Tf< -]_.) (DWBA) =</-) • x <-) I u +U -u I ~ • x < + \ 
b x bA xA aA a a 
(3.15) 
where ~a 1.s the relative motion wave-function of the frag-
ments b and x in the ground state of the projectile a. 
- 21 -
The corresponding post-form of the DWBA matrix 1s ob-
tained by approximating, 
• 1jJ • /+) 
A a (3.16) 
which leads to, after integration over internal co-ordinates, 
T (:) (DWBA) = <x (-) • x C-) I v I x ( +) • <P > 
f1 b x bx a a (3.17) 
It has been demonstrated by Huby and Mines 19 on quite gener-
al grounds that the forms (3.15) and (3.17) are equivalent 
to each other. 
Baur et al. 1 have evaluated the form (3.17), the so-
called post-form, with the additional assumption of a zero-
range approximation, which g1ves, 
-+ -+ 
Vb (rb ) •<j> (rb ) = D o(rb ) 
X X a X 0 X 










where E is the binding energy. Thus, a zero-range approxima-
tion implies that the relative motion of b and x is confined 
a L=O orbit with the radial wave-function given by a Yukawa-
function, whose parameters are completely determined by the 
binding energy, This of course in turn limits the momentum-
distribution of b and x to a Lorentzian shape oo 1/(k
2
+a2) 
which 1s a rather serious limitation of the theory, since 
break up processes are observed equally frequently for 
heavier projectiles whose relative motion wave-function does 
not conform to the above restriction. On the other side, an 
- 22 -
exact finite range calculation does not seen to be feasible 
using the expression (3.17) as the contribution comes from 
all over the space requiring a contour integration even with 
a zero range approximation. 
The corresponding prior-form has not been used till re-
cently due to the complexity of co-ordinate transformation. 
Later, we shall see that it can be evaluated fairly easily 
and provides interesting insights in addition to retaining 
full details of the projectile wave-function which insures 
an implicit exact treatment of the finite range effects. 
3.2 T-matrix for Austern's school 
In this case, the Hamiltonian for the initial state is writ-
ten as before (3.4) as 
Hi HA + Tb + Tx + ~ + Hx + Vbx 
HA + Ha + Ta 
however, the corresponding Hamiltonian for the final state 
is written as 
(3.20) 
and we note that Vbx ~s retained in Hf' implying a final-
state interaction between b and x in the exit channel. Thus 
the initial state interaction is given by 
v. 
~ 





We see that the solution of the free Hamiltonian in the in-
- 23 -
go1ng channel is still given by (3.9). However, the appropri-
ate solution for the free Hamiltonian in the final state is, 
+' + 
lj!A • 1jJ' • exp ( i k • r ) a a aA (3. 23) 
where lj!a ' describes a continuum wave-function for the system 
'b+x' and k' 1S the wave-vector for its centre of mass mo-a 
tion. 
Now the exact T-matrix is g1ven by 
(-) c-) I exp(i + + (3.24) Tfi = <IJ'f iubA+UxA 1J!A• 1va . k •r A)> a a 
and 
(3.25) 
As before, we use Gell-Mann~Goldberger relation to reduce 




ljl(-) ~ (-) ,,, ,,, 
f ~ xa' • 'f' A • 'f' a I (3.27) 




T(~)(DWBA)=<x(-).~(-) Iu +U -u lx(+).~ > 
f 1 a' k bA xA aA a a 
::: T~~) '(DWBA) 
(3.29) 
where x(~) is the scattering wave function describing the 
a 
centre of mass motion of the fragments b and x in the exit 
channel and ~~-) describes their relative motion in the con-
tinuum. 
- 24 -
3.3 Camparisan of the T-rnatrices of the two schools 
Before we cornpare the details of the T-rnatrices of the two 
schools, we would like to rnake the following clarifying corn-
rnent. 
lt should be ernphasized that the T-rnatrices (3. 8), 
(3.10), (3.24) and (3.25) are forrnally identical inspite of 
different partitions Hi and Hf used in writing thern provided 
we use exact and full 3-body wave function for o/, which is a 
solution of the full Harniltonian H. Thus, the two approaches 
rnentioned above ernerge frorn the distorted waves Born appro-
xirnations where a particular channel is ernphasized. 
A straight forward understanding of the two schools of 
break up is obtained by noting that Baur's calculations cor-
respond to stripping of the fragrnent x into the continuurn of 
the target 9 though not with a sharp L-value. On the other 
hand the evaluations of Austern's school correspond to the 
excitations of the projectile a to its own continuurn, fol-
lowed by decay (see fig. 15). 
Yet another interesting aspect ~s that as ~~-) is a 
proper scattering wave-function in the potential Vbx' we see 
that Austern's formulation explicitly includes the final 
state interaction between the broken-up fragrnents, to all 
orders. 
This ~s ~n cantrast to the expression (3. 17) (or the 
equivalent expression (3.15)) of Baur's school where the 
final state interaction Vbx is included only up to first ar-
der. The zero-range approxirnation (3.18) further cornprornises 
the final-state interaction. The expression (3.15) which 
does not require such a zero-range approxirnation retains the 
final state interaction to first order (due to its equiva-
lence to (3.17). However, this aspect is not quite transpa-
rent frorn this expression. 
- 25 -
Baur's school 
Deposition of 'x' in the continuum of the target 
Austern's school 
Excitation of the projectile to its continuum 
in the field of the target 
FIGURE 15 The two different physical pictures implied 
by the prescriptions of Baur and Austern. 
3.4 Unusual optical modelpotential needed for Austern's 
approach. 
In fig. 6, the predictions of Baur's school and Austern's 
school for the break up of 56 MeV deuterons from 51 v are 
shown. It is seen that the "prior-form" theory is not able 
to explain the data, where as the post-form theory provides 
a quantitative explanation of the coincidence spectrum. Si-
milar situation is known for a number of cases where the two 
theories have been used. Austern et al. have made a detailed 
- 26 -
effort to understand this aspect
20
• We would like to sketch 
the following argument from Austern
21 
which effectively ex-
plains this discouraging aspect of the prior-form, and 
traces its failure to the requirement of unusual optical mo-
del potential describing the motion of two fre fragments. 
Let us take the exact T-matrix for Austern's school 
(3.25), reduce the plane-wave in the exit channel and sup-
press internal co-ordinates to write, 
(3.30) 
where x(-) is scattering state in the optical potential UaA' 
a (+) 
The full wave function ~· can be expanded as, 
1 
~~+) = /+) ·~ + f dk '/+) . cp(+) 
1 'a a a k 
The DWBA expression (3.29) is obtained by writing 
~~+) (+) cpa 1 ~ xa 
(3.31) 
(3.32) 
Demanding the full T-matrix (3.30) to be identical to this 
DWBA expression we get 
u (+) 
aA·xa (3.33) 
We see that UaA has to be obtained from a continuum-continu-
um coupling which indeed is appropriate for a 3-body situa-
tionf and is quite different from usual optical model poten-
tial. Coupled channels calculations performed along the 
. 36 . b . . '1 lines of Sakurag1 et al. or an ad1a at1c treatment s1m1 ar 
20 h' to that of Austern et al. more or less account for t 1s 
deficiency. 
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4. THE PRIOR-INTERACTION DWBA FOR DIRECT BREAK UP OF LIGHT 
IONS 
We noticed earlier that the direct break up model of Baur's 
school has been used in its post-form for these studies, in 
conjunction with a zero range approximation. From fig. 13 , 
one can easily see that the zero-range approximation is not 
able to reproduce the angular distribution correctly. It is 
definitively not applicable when the internal cluster motion 
is not confined to a relative s-state. A full finite-range 
evaluation of the matrix element 
(4. 1) 
for the elastic break up reaction 
a + A + b + x + A 
+ . 
~s hardly feasible as the draA-~ntegral converges very slow-
ly, and a straight-forward evaluation may involve integra-
tions up to a few hundred fms. The approximations developed 
for heavy-ion transfer reactions
22 
to handle the above 6-
dimensional integral are not suitable for the present situa-
tion; since the contributions to the transition matrix ele-
ment above cannot be limited to a narrow region near the 
classical turning point (as it may happen for normal trans-
fer reactions, and enabling simplifications like a local mo-
mentum approximation). 
37 We have analysed the possibility to overcome the men-
tioned drawbacks by a reformulation of the DWBA break up 




which is formally equivalent to the post-form expression 
(4.1). In the past, the prior-form has been discussed in 
23 context of the Coulomb-break up of the deuteron , where 
the final state may be described by a Coulomb wave function 
and a plane wave for the break up neutron. The quasifree 
break up model applied by Groningen group
9 
uses Coulomb 
corrected plane waves for the projectile and spectator scat-
tering states (and neglects the Coulombbreak up). 
In this work we consider the full DWBA matrix element 
(cq. 4.2) without using the various approximations above. 
The consistent success of the identically equivalent post-
form theory of Baur et al. (where the zero-range approxima-
tion is admissible) holds out the hope of the unique utility 
for cases where finite range effects become important and 
carry interesting information. 
The evaluation of the prior-form DWBA matrix element 
(Eq. 4.2) involves the evaluations of well behaved integrals 
with contributions from a limited region of space, thus enab-
ling the application of one of the many factorizing techni-
ques for reducing the six dimensional integrals to a finite 
sum of products of two three dimensional integrals. For this 
purpose several rnethods have been proposed and applied. Af-
24 
ter a careful scrutiny of the rnethods available we adopted 
the plane-wave expansion technique devised by Robson and co-
workers25. It is interesting to note that with this rnethod 
orbital dispersion effects are seen very clearly. Thus, we 
express the distorted-waves as a sum of plane-waves (partial 
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wave by partial wave), over the region [O,R ] and write max 
uL(.!_)(kr) 
(+)(+k 7 ) 4 ~ .L y* (k) Y () X 'r = 11 " ~ --.,--k-r-- LM LM r 
LM 
(4. 3) 
for the case neglecting spin-orbit potential. Now we expand 
u (.!_) (kr) N(L) (+) L 
E jL(knr) r < R kr a-
n=1 
nL - max 
(4. 4) 
where 




a- N nn' n'L nL n'=1 
(4.5) 
(+) R (.!_) 
-1 r max 
bnL k J rdr UL (kr) jL(knr) (4. 6) 
0 
L 





0 nn• rZdr jL(knr) jL(kn,r) 
(4. 8) 
0 
and finally we get, 
+ + 
L ( +) I A ~ k •r 
(+) t +) "J'(. " b -;L d k n X - k,r E YLM(k)•{ E N nn' e n n 
LM nn' 
YLM(kn)} (4.9) 
We notice that with such a plane-wave representation, the 
co-ordinate transformation becomes quite easy. 
Taking advantage of the plane-wave representation, we 
evaluate the T-matrix by integrating the three terms origi-
nating from the three optical-model potentials UbA' UxA and 
+ + + + + + 
UaA over drbx•drbA' drbx•drxA and drbx·draA' respectively. The 
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L LbL a x 
M f\M a x 






















1- -·1 'V 'V+ 'V 'V+ 'V 'V+ IVbA(P)~(Qb)+VxA(P)~(~)-VaA(P)·~(Qa) 
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These equations demonstrate in most clear terms the 
shape of results to be obtained in this theory. We immedia-
tely notice that the maximum of T is decided by the terms 
for which the expansion coefficients are largest and the mo-
+ + 
menta P and Q. are small. 
1. 
These considerations lead us to the central result of 
the break up phenomena, that, unless the orbital dispersion 
is not too large for the effective partial waves, which are 
the surface ones (or, in other words the "on-shell" choice 
+ + 
k ~ k etc. is a good approximation), a peak in 
n ~ a mb 
the cross 
m 
se~tion should be obtained when Eb ~ --•E and E ~ 
~ m a x ~ 






Assuming a relative s~state for the projectile wave-
function and taking the z-axis along the incident beam direc-
tion we get 
where 
T = E 
L LbL a x 
M 
X 
TL L L 
a b x 
L 
( X N TL L L M 
ab x X 
+ 













In the above N implies addition over the plane wave expan-
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and we have taken 
+ 
<j> ( r ) = <!>( r) • Y ( 51) 
a oo (4.27) 
It is quite clear that the integrals (4.22) and (4.23) which 
appear in place of the radial integrals in the post-form 
DWBA are very well behaved Ln contradistinction to the slow-
ly converging integrals of post-form. 
4.1 Results of the prior-interaction DWBA approach 
In order to test the various aspects of this approach 
Ln particular, the finite range aspect and the automatic in-
clusion of recoil effects, we have studied in detail, the 
break up of 
6
Li at 156 MeV on a 
6
Li target into alpha and 
d . . . . 1 d 26 euteron, for WhLch prelLmLnary experLmenta ata on coLn-
cidence spectra were available: 
6Li + 6Li + a + d + 6Li (4.28) 
a A b x A 
We assumed the target and the projectile to be distinguish-
able, due to high incident energy and small angles of detec-
tion of alpha and deuteron. Thus the angular-correlation for 
elastic break-up Ls 
where 
m ·~ •m •p •p • h A b X b X 
-6 
----' ---~· 
+ + + 
(mA+m )+m (pb-P)•p /p 2 
X X X X 




The optical potentials used for the analysis are g~ven in 
Table II, and were obtained by fitting elastic scattering 
data at appropriate energies. 
TAB1E II: Optical model potentials 
System V r a w r a 
0 V ov V 
(MeV) (fm) (fm) (MeV) (fm) (fm) 
61. 61. 
~+ ~ 59.6 1.66 0.85 1. 14 3.12 o. 77 
6 . 
ct + 1~ 88.9 0.99 0.81 4.94 3.00 0. 58 
d +61i 78.1 1.05 o. 79 8.63 1.28 o. 75 
ct + d* 73.36 1.25 0.65 
* Depth adjusted to g~ve a 2 s state bound to 1. 47 MeV. 
Two alternative descriptions were used for the a-d relative 
motion wave function in the ground state of the projectile, 
to get an illustration of the sensitivity of the break up 
cross section to the details of the internal momentum dis-
tribution. In the first instance it was approximated to a 
Yukawa type function, 





ct = 0.3066 (4.32) 
where E is the binding energy of the projectile and N is the 
normalization constant. This wave function is implicitly as-
+ 
sumed tobe valid when the U(rbx)•cj>(rb~) term in the post-
form DWBA T-matrix is replaced by D o(rb ) in a zero-range 
0 X 
approximation, and implies a 1orentzian form of momentum 
distribution. The other and more realistic choice was obtain-
- 35 -
ed by generating the (a+d) bound state wave-function in a 
Woods-Saxon potential well (see table II) giving a 2s state 
bound to 1.47 MeV. The squares of the Fourier transforms of 







~ lkl = j<P Ir) sin kr r2dr 
kr 
,.Yukawa 
0.6 1.0 1.1. 
k [tm·1J 
1.8 
Square of the Fourier transform of the a-d 
relative motion wave-function. 
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In fig. 17, we present the results for the triple differen-
tial cross-section obtained using the Yukawa and the WS 
' f ' f 1 wave-funct1ons, or a sett1ng o 0 = 
0\ 
5° and 0~ = -10°. As 
data was uncertain, it the norrnalization of the experimental 
has been rnultiplied by an arbitrary constant to give the 
peak value as 10 rnb/sr 2 • MeV, for a good perspective. We 
irnrnediately see that the WS wave-function gives an excellent 
description of the shape of the angular correlation. Most 
rernarkable is the description of the "shoulder" seen in the 
data at around 90 MeV of a-particle-energy. These data points 













6Li + 6Li - a. + d + 6Li 
156 MeV 
Ga = s• 
ed =-1o· 
--- x 5. (Yuk) 
-- 2s (WS) 
~ 10 
"'Cl 









80 ~ 100 
Ea [MeV J 
120 
FIGURE 17 The triple differential cross-section for 
1 . b k f 
6 . . 6 . 6 . 11' . e ast1c rea up o L1 1n 11+ 11 co 1s1ons 
at 156 MeV, 
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also involve somewhat larger distortions due to smaller 
alpha-energies. We see that both these aspects are very well 
accounted for. On the other hand, the Yukawa function which 
would be implied by a zero-range approximation (in the post-
form) gives only a qualitative description of the data, 
giving in particular a very large FWHM. This proves that the 
break up data, especially those corresponding to large rela-
tive energies of the fragments are quite sensitive to the 
details of the relative motion wave function. 
In fig. 18 we have plotted the coincidence cross-sec-
tions for a situation when the alpha-detector is fixed at 
so, and the cross-section is measured for 10S MeV(~ beam 
velocity) alpha particles as a function of the angle of de-
tection of the deuteron. 
In addition to plotting the cross-section for the two 
wave-functions we also give the contribution of the "nuclear 
break up" and the "nuclear plus Coulomb break up" separately. 
It is interesting to note that even for such a light target-
projectile combination the "Coulomb break up" is substantial. 
4.2 The orbital dispersion 
If the break up data are to show sensitivity to details of 
momentum-distribution, most of the contribution to the cross-
section should come from the "on-shell-wave-numbers" in the 
plane-wave expansion of the distorted waves. In order to test 
this aspect of the "orbital-dispersion" we looked for the 
percentage contribution of various wave-numbers present in 
the projectile distorted wave to the cross-section for detec-
tion of 10S MeV alpha-particle at 8 = so ln coincidence a 
with a deuteron emitted at 8 = -10°. In the plane wave ex-a -1 




-1 with vary-fm ln steps fm were present 
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FIGURE 18 The triple differential cross-section for 
105 Mev a-particle emitted at 8 = 5° as a func-
a 
tion of the emission angle of the deuteron. 
ing strengths for different particle waves. However, we 
found that three wave-numbers closest to the free wave nuro-
ber between them contribute more that 95 % of the cross sec-
tion, indicating that "orbital dispersion" effects are 
small. 
4.3 The "recombination term" or the simulation of effects 
of coupling 
Before discussing the results of fig. 19, let us have a 
close look at the expression of the T-matrix in the prior-
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form (4.2), by rewriting as, 
T 
- <(x(-). x (-)I~ )Iu I 
b x a aA 
(+) 
X > a (4.33) 
= T + T - T 
b x a (4.34) 
Tb and Tx represent the "shearing" due to the interaction of 
'b' and 'x; with the target, respectively. The T term can 
a 
be interpreted to provide the "recombination" as 
(xb(-).X(-)1~) gives the "projectile-component" of the fi-
x a (-) (-) 
nal state wave-function, Xb •x . If the final state were 
( -) X 
taken as Xa ·~a*' where ~a* is a continuum state of the 
. '1 d b b' k' 16 . proJeCt1 e, as one y Ry 1c 1 and Austern , e.g. th1s term 
would be identically zero due to the orthogonality of ~ and 
a 
~ *· 
a In fig. 19, we plot the contribution of each of the 
terms Tb, Tx and Ta along with the full contribution for the 
same experimental set-up as in fig. 17. We see that the "re-
combination term" is very large, and plays a very important 
role in providing the proper description of the experimental 
data, reproduced very well by the total transition matrix. 
We repeated these calculations for the situation 8 =5° 
(j, 
and Gd= -5°, and similar results were obtained, though the 
'T ' contribution was higher, understably due to smaller ab-
x 
sorption of deuterons, coming out at 5° as compared to 10° 
in the case above. We also feel that the equivalent post-
form DWBA theory of Baur et al. 1 also implicitly includes 























1Tbl 2x 10 
1Txl 2 x 103 
a; =so 
a; = -1oo 
FIGURE 19 Gontribution of Tb' Tx and Ta to the cross-
section for break up. 
4.4 Conclusions on the prior-form approach 
In conclusion, we see that the prior-form of the DWBA T-ma-
erix for the direct break up of light ions is amenable to 
evaluation if the plane-wave expansion technique devised by 
Robson et al. is used. 
When applied to break up of 6Li good results are obtain-
ed when a realistic wave-function is used for the relative 
motion description of alpha and deuteron, showing the unique 
power of break up data in getting this information. Orbital 
dispersion effects which are generally believed to camouflage 
this information are found to be small. 
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The projectile-target interaction term plays a very Lm-
portant role in describing the data by simulating the "re-
combination" or the "coupling effects", which are known to 
be large for break up of light ions. 
5. COULOMB BREAK UP 
We have already noted the interest in break up of light ions 
by the Coulomb field of nuclei in providing unique informa-
tion about reactions of astrophyiscal interest. Coulomb 
break up is expected to be important if at least one of the 
following conditions is satisfied: 
1) The binding energy of the fragments Ls small compared 
to the Coulomb-barrier. This would imply that the ener-
gy necessary for break up can be provided, even if the 
projectile misses the target by a few times the nuclear 
radius. 
2) Special conditions exclude nuclear break up. This would 
happen for, say, sub-Coulomb energies or for measure-
ments made in the extreme forward angles at higher 
energies. Such safe angles are possibly limited to an-
gular range within which o/oR is close to unity. 
3) Coulomb break up of projectiles would be important even 
if it is weak for strongly absorbed projectiles, for 
there LS no escape for such particles if the nuclear 
interaction takes place. 
4) The intense virtual photon spectrum for very high ener-
gy projectiles may break them up, too. It is expected 
that a proper DWBA treatment should automatically des-
cribe this feature. 
Current experiments using the 156 MeV 
6
Li beam of the Karls-
ruhe Isochronaus Cyclotron, are exploring these conditions. 
For pure Coulomb break up processes, we have to stick to ex-
- 42 -
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treme forward angles, which has become feasible with the 
cornrnisioning of the magnetic spectrometer "Little John". The 








·~ --. m 
a 
k 
X (5. 1) 
and ~ and kx are their momenta, ~s kept quite low. This 




is small compared to the interaction Vbx between them, and 
we should invoke a procedure which treats this final state 
interaction correctly. This ·leaves us with the T-matrix ad-
vocated by Austern's school. 
The other consideration is about the time of contact. 
One could possibly argue that if the time of contact 
T > 'fi/f 
where r is width of the "state" which can be associated with 
the relative motion of the projectile fragments then one 
should use Baur's transition matrix, where a transition to 
the broken up-pair takes place directly from the ground state 
of the projectile. On the other hand if the time of contact 
is small compared to such a life time then the sequential 
picture inherent in Austern's treatment rnay be more appro-
priate. The question however, ~s what width should we asso-
ciate with nonresonant continuum states. We adopt a view 
that either due to high energy situation and the fact that 
we have very distant collisions for pure Coulomb break up, 
or because possibly the energy of the continuum states pro-
vides an order of magnitude value for their width, we are 
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justified in using this sequential picture. We also assume 
that the coupling effects which manifest themselves through 
the requirement of unusual optical model potentials for the 
exit channel are weak for the Coulomb break up and will not 
disturb the basic features we wish to explore. 
We would also like to state that semi-classical methods 
will not be quite applicable for such projectiles especially 
if we wish to explore the differential cross-sections. 
5.1 The Coulombbreak up T-matrix and its evaluation 
With the considerations described above we write the transi-
16 tion matrix for the Coulomb break up as 
T
Coul (-) (-) 
= <x <P 
fi Qf k 
(5.4) 
where Xqi and Xqf are the distorted waves for the projectile 
and we have 
-+ -+ -+ 
Qf =~ + k X 
along with 
m ~ -+ X k k m b a m a 
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b m a 
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and the symbols have their usual meaning. 









represents an "orbital" matrix and 
~ 1 










represents the "internal" part of the full transition matrix 
(5.8). 
The matrix element (5.9) can be evaluated by making a 
partial wave expansion of the distorted waves and evaluating 
the radial integrals numerically. If the wave functions are 





which are known analytically from the theory of Coulomb ex-
citation28. However, the expression is rather complicated 
and is obtained by an analytic continuation of Appell's 
function. 
We would like to take this opportunity to suggest an 
alternative38 , which may be more efficient if the Coulomb-
parameter is not too large. We first expand the Coulomb-
function in terms of spherical Bessel-functions as fol-
29 lows , 
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00 




1,b1 + 1 = -r+T n 
(2k+1) 
k(k+1)-L(L+1) 




e \r(L+1+in) I r(2L+2) 
(5.13) 
(5.14) 
and then use Sonine and Schafheitlin integra130 , to get, 
a)Jr ()..l+\J;\+ 1) CO 
fJ (at)J (bt)t-\dt 
0 )J \) 
(Re()J+\J-\+1)>0; Re\>-1; a and b real; O<a<b). (5.15) 
where \F 1 is hypergeometric series which reduces to elemen-
tary functions in the present case. 
6. A PARTICULAR CASE: L = 2 COULOMB BREAK UP 
A look at the multipale expansion of the residual interac-







V (1=1) is identically zero. The first major contribution res 
arises from 1=2 break up as higher odd modes are suppressed 
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ed and higher even rnodes are successively weaker due to the 
increasing power of R in the denorninator. The above situa-
tion is realised for 
6Li + A + a + d + A (6.2) 
as now the 6Li, a and deuteron rnove on the sarne Coulornb-tra-
jectory. In this case, the L = 2 "orbital" rnatrix (5.9) can 
. 31 
be easily evaluated as was pointed out by Serber lang ago. 




First look at the PWBA expression for the orbital rnatrix, 
~,M-;t (PWBA) 
UQi '~f 
+ -;t + 
q = ~i - Qf 
(6.3) 
(6. 4) 
In writing (6.3), it is assurned that the multipale expans~on 
(5.6) is valid for all values of R. We shall corne to this 
later again. 
+ 





This rnatrix elernent has the endearing property of being in-
+ + + . 
dependent of q, Qi and Qf for L = 2. Introducing the Four~er 
transforrns of the scattering states 
and 
x+ (+) Q. R 
~ 





we get for the orbital matrix (5.9) 
LM f + + LM ru + rv* + 
M-=tQ ':t = dk. dkf•M.+ +k (PWBA) "X· (k.) •x (k ) 
i'~f ~ -K.i' f ~ ~ f f 
(6.8) 
which for L = 2 yields, 
L=2 + * + 
=~Q ~ (PWBA)·x· (R=o)•xf(R=o) 
i'~f ~ 
(6.9) 
We see that the orbital matrix element for the L = 2 Coulomb 
break up reduces to a "contact term" provided by the value 
of the wave function at the origin. Making a partial wave ex-
pansion of the distorted waves involved, we get, 
R=o 
(6.10) 
where ui and uf are the radial wave functions of s-partial 
0 0 
waves. Obviously~ the use of correct distorted waves modifies 
the PWBA cross section just by a factor, c2 , where 
* 2 
lx+(+)(R=o) • x+(-)(R=o) I 
Qi Qf 
(6.11) 
As the above express~on is so simple, we would like to 
recall the assumptions which made it possible. The most im-
portant is the assumption that the multipale expansion of 
. . . . . L/ L+1 h t. the res~dual ~nteract~on ~s g~ven as r R over t e en ~re 
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range of R, which is strictly valid only for R>r. We first 
note that due to the bounded nature of the projectile wave 
function ~ , only small values of r are relevant, where as 
a 
the long-range nature of the Coulomb-force entails contribu-
tions from large values of R. One other aspect becomes more 
clear, if we visualize a partial wave expansion of the dis-
torted waves and subsequent integration. We note that low 
partial waves which are very strongly absorbed will not con-
tribute to the matrix element. The partial waves having lar-
ger L-values deviate significantly from zero only for large 
values for R. These two features would insure that signifi-
cant contributions accrue to the transition matrix only from 
large values of R insuring the validity of our approximation. 
However, these considerations also imply that the contact 
term c2 has to be calculated with proper distorted waves de-
rived from a Coulomb potential of a realistic charge distri-
bution and adequate nuclear potentials accounting for absorp-
tion effects. The corresponding wave functions can be easily 
provided from any optical model scattering code. The essen-
tiality of using proper scattering wave-functions can be 
easily demonstrated by noting that for a point-charge nucleus 
without nuclear potential, 
(6.12) 
with the Coulomb parameter, 
2 
Tl • f = Z • ZA • e ffi v . f 
~' p ~' 
(6. 13) 
and for say 156 MeV 6Li incident on 208Pb, it ~s as low as 
0.36 x 10-38 implying an extremely low Coulomb break up 
cross-section for this situation. 
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6.1 Theoretical predictions of the triple differential 
cross-section 
As stated earlier, we shall discuss in detail the specific 
case of elastic break up of 156 MeV 
6
Li in the Coulomb field 
f 
208 b . d . 1 b d. . h o P • We cons~ er var~ous a oratory con ~t~ons for t e 
emission of a-particles and deuterons (GL, 8Ld' EL). The rela-
a a 
tive angle 68 defines the minimum value of the relative mo-
mentum k obtainable in a particular kinematic consideration. 
Fig. 20 displays the variation of the relative momentum k 
with the energy of the a-particle fragment, which is coinci-
dently observed with the fragment deuteron, while the target 
nucleus remains in the ground state (elastic break up). 
The evaluation of the full matrix element (5.8) for L=2 
requires a specification of the wave functions $Li(r) and $k. 
The ground state wave function is generated by a bound-state 
potential of Saxon-Woods form reproducing the binding energy 
while the nonresonant continuum states were generated in the 
. . . 33 ( 1 a-d potent~al g~ven by Mclntyre and Haeberl~ see a so 
Robertson et al. 34). 
The internal part of the matrix elements can be written 
as, 
(6.14) 





~b(E2,k) [e2 fm7] 
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FIGURE 20 Variation of the relative a-d momentum k with 
. Lab . the observed a-part~cle energy E ~n the 
elastic break up of 156 Mev-6Li ions, and the 
nonresonant b(E2,k) distribution 
- 51 -
md 2 ma 2 2 
b(EL,k,JL.+Jf)= {Z e(-) +Zde(-) } * 







f 2 2 
--7k_r __ r ~Li(r)r dr 
(6. 15) 
(6. 16) 
with ~Li being the radial part of ~Li' u~ (kr)/kr the same 
f + + . for the continuum states. 
. . 6 . ( 0 t1.on 1.n L1. ~.= , 
]_ 





The quantity b(E2,k) represents a transition density (in 
units of e 2 fm7) and is displayed in fig. 20. For comparison, 
the b(E2,k) distribution is additionally calculated by using 
plane waves for describing the continuum states. It 1.s ob-
vious that at low k-values considerable differences occur as 
compared to the use of more correct scattering states, pri-
marily due to the Coulomb repulsion. The triple differential 
cross section 
d\r 







with P being the three body phase space factor (4.30) can be 
concisely written as 
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d3cr (4n) 4 










(47T) • ZAe . b(E2,E) (6.20) 2J.+1 M.M 3 2Jf+1 5 
~ ~ 
Figs. 21-23 show the nonresonant triple differential cross-
section for some pairs of emission angles. The results in 
fig. 21 differ by the values of the penetration factor c2 
which are calculated with a spherical homogeneaus charge 
distribution (R =1.3 AT113 t) only and with optical model 
c arge 
parameters of a Saxon-Woods form as given in Ref. 13. 
Fig. 24 displays the variation of various factors with 
the laboratory energy of the a-particle observed in a par-
ticular kinematical arrangement of the detectors. 
In fig. 25 the resonance excitation of the 3~ state in 
6Li (k = 0.21 f~ 1 ) is included with a width r (= 26 keV) 
res + + 2 4 39 
corresponding to B(E2; 1 -3
1
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(6.21) 
I i r/2 I 
2 
= (E-E )+ir/2 
res 
(6.22) 
Breit-Wigner resonance factor with E = h2k2 /2~~d and 
2 2 + 




b(EL k )•n• ~z • res (6.24) 
The result shown in Fig. 25 demonstrates the dominance 
+ 




the resonance peak disappears in other kinernatical arrange-
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FIGURE 21 Triple differential cross section and shape of 
the correlated a-particle spectrum in the non-
resonant 208Pb(6Li,ad) 208Pb break up reaction 
at ELi = 156 MeV. 
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FIGURE 23 Triple differential cross section of the non-
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FIGURE 24 The variation of the phase space factor p, of 
the contact terrn (oojxQf(R=O)j
2
) and of the 
reduced transition probability with the 
a-particle energy 
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FIGURE 25 Resonant and nonresonant excitation of the a-d 
continuum in 6Li by projectile break up in the 
Coulomb field of 
208
Pb at ELi = 156 MeV 
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7. CONCLUSIONS AND OUTLOOK 
We have seen that the break up of composite particles in the 
nuclear and Coulomb field of nuclei is a promising field, 
playing a crucial role in providing accurate information 
about nuclear reaction of astrophysical interest, in addi-
tion to relevant information about the internal momentum 
distribution and the cluster structure of the projectile. 
T~.;ro explicit situations emerged: One in which the final 
state interaction of the resulting fragments could be ignor-
ed, and the other when the relative energy between the frag-
ments is small, implying a strong final state interaction. 
The appropriate DWBA T-matrix for the first case is 
provided by the Baur's school as 
(7. 1) 
which can be evaluated using contour integration, if a zero-
range approximation is introduced. This approximation further 
compromises the final state interaction and in addition im-
poses the restriction that the internal motion of the projec-
tile is limited to s-state with a momentum distribution of a 
Lorentzian shape. 
If the equivalent prior-form is used then 
T <x <-) • <-) 
fi = b XX Iu +u -u I x(+) ~ > bA xA aA a a (7.2) 
and the restriction about the projectile wave-function 1s 
easily dispensed with. The problern of accurate treatment of 
the final state interaction still remains. 
The T-matrix of the Austern's school 
T = <x <-) • ,!, <-) 
fi a '~'k 
(7. 3) 
on the other band has no such limitations on the projectile 
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wave-function and treats the final state interaction to all 
others. It, however, has the uncertainty associated with the 
proper choice of the optical potential (UaA) for the exit 
channel distorted waves x(-). 
a 
Nevertheless, the use of (7.3) for Coulombbreak up of 
6
Li yields expressions of remarkable simplicity and provides 
valuable estimates for cross-sections for very low a-partic-
le-deuteron ralative energies. The nonresonant break up 
cross-section is found to be large, though if permissible 
within the three-body kinematics the break up through the 
3
+ 
1 resonance state dominates. 
We have not discussed theories of inclusive measurements 
which are a subject of a debate now. They provide less clear 
physical information as the observables are averaged over a 
large number of channels. 
The future should witness detailed measurements of the 
break up phenomena, both inclusive and exclusive, the later 
measurements being performed both in and out of reaction 
plane. There are indications that experiments performed with 
polarized beams may provide more direct information about 
the reaction mechanism, through the measurements of the ana-
lysing power. Experiments performed with projectiles whose 
ground states are different from s-states may provide useful 
information about the intrinsic angular momentum dependence 
of the break up mechanism. Experiments performed with one of 
the detectors put at a forward angle and the other one at 
varying angles are expected to reveal the evolution of the 
break up process possibly as a pure Coulomb in the extreme 
forward angles, nuclear plus Coulomb at grazing angles, nuc-
lear at higher angles and more complicated processes at still 
higher angles. The verification of some of these concepts is 
expected to use up a considerable part of the future endeav-
- 60 -
ours Ln the studies of break up phenornena. 
Then, we have the irnportant problern of experimental 
verification of ideas leading to reliable values of cross-
sections for astrophysics. 
The developrnents in theory are expected to provide ans-
wers for the requirernent of unusual optical rnodel potentials 
Ln the exit channel or an alternative post-form of DWBA theo-
ry which includes final state interactions to all orders. 
The arnazing question also rernains about the relationship of 
the two schools of break up. 
Here a cornrnent must be rnade of the work of Kamimura and 
coworkers
36 
which provides sorne answer to rnany of the ques-
tions raised above and is' a step in the right direction. 
However, for the moment it does not include break up due to 
the Coulomb field and the coupled discretized continuum 
channels calculations can be hardly performed Ln a simple 
routine manner as it has become possible for the DWBA meth-
ods discussed. 
Break up studies with a heavy target also provide us 
with a means to test the extent to which the unsolvable three 
body situation can be approximated by soluable two body situ-
ation within the framework of the DWBA. 
In view of these perspectives the projectile break up 
in the Coulomb and nuclear field it is a rich field with pos-
sibilities for innovative experimentation and bold theoretic-
al concepts. We should not forget that we are dealing with a 
three body situation, one of the first one to be studied in 
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